Heating blanket (for use during anesthesia) (e.g., Homeothermic Blanket System from Harvard Apparatus) Insect pins (stainless steel) (e.g., 26002-10 from Fine Science Tools) Isofluorane vaporizer (e.g., Isotec 5 from Datex-Ohmeda) Light source for stereomicroscope (e.g., KL 1500 LCD from Schott) Microphone (e.g., AT803 from Audio-Technica) with an amplifier (e.g., MA3 from Tucker-Davis Technologies) for song recordings Miniature motorized microdrive (Fee and Leonardo 2001; Otchy and Olveczky 2012) (Fig. 1B) Motor controller for the microdrive (e.g., MP-285 from Sutter Instrument; modified according to Fee and Leonardo 2001) .
Motorized commutator with a torque feedback motor controller (Fee and Leonardo 2001) Nano connectors (2-pin socket and 2-pin male) (Omnetics Connector; cat. nos. A9069-001 and A9577-001) Oscilloscope for electrophysiological recording setup (e.g., TDS2024C from Tektronix) Oscilloscope used during surgical setup (e.g., TBS1062 from Tektronix) Platinum ground wire (animal ground; 3 mil; PFA-coated) (A-M Systems; cat. no. 772000)
Preamplifier
This apparatus comprises a high-pass filter (cutoff frequency 2.3 Hz) followed by an instrumentation amplifier with a gain of 10 (e.g., INA2141U from Texas Instruments) ( Fig. 2A, B ).
Stereotaxic device (e.g., Digital Stereotaxic Instrument with Fine Drive from Leica Biosystems)
A stereotaxic device designed for mice can be used by replacing the tooth bar with a beak clamp.
Stimulus isolator (e.g., ISO-Flex from AMPI) Surgical instruments (scalpel, forceps, etc.) 
Torque sensor
This apparatus comprises a Hall sensor (e.g., HGT-2101 from Lake Shore Cryotronics), a ball bearing with inner diameter 0.125 in and outside diameter 0.25 in (e.g., , a section of hollow stainless steel tubing with outside diameter 0.125 in, an aluminum bracket a disc magnet (e.g. diameter: 0.5 in, thickness: 0.125 in, from Radial Magnets) and a female connector with wires (e.g., A8109-001 from Omnetics Connector) ( Fig. 2A 
METHOD
As an example, we describe procedures for recording from antidromically identified projection neurons in the HVC by placing bipolar stimulating electrodes in the robust nucleus of the arcopallium (RA) and Area X (Hahnloser et al. 2002; Kozhevnikov and Fee 2007) , which are the two main projection targets of HVC ( Fig. 3C ). With minor modifications, the protocol can be utilized to record from other brain areas.
Microdrive Implant Surgery

1
Assemble a bipolar stimulating electrode and its holder. First, construct the electrode holder by attaching a two-pin male nano connector onto a wooden stick ( Fig. 3B ). Next, construct the electrode by inserting a two-pin socket nano connector into the electrode holder and soldering the stripped ends of a silver wire (8 cm in length) and a stainless steel microwire onto each of the two pins of the connector (Fig. 3B ). Straighten the stainless steel microwires, make them parallel spaced by 500 μm, and cut them to an appropriate length (3 mm for RA and 4 mm for Area X). Cover the pins of the connector and the solder joints using silicon elastomer. Test the stimulating electrode by connecting the silver wires to the stimulus isolator and placing the tip of the electrode in saline solution and passing a small current (~10 μA). Bubbles should come out only from the tip of the electrode that is connected to the negative voltage.
The stainless steel microwires will be implanted in the zebra finch brain and the silver wires will connect the stimulating electrode to the microdrive. 
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The use of special liquid soldering flux is necessary to solder the stainless steel microwires onto the connector pins. It is important to handle the stainless steel microwires with plastic forceps because sharp metal forceps can damage the insulation. This problem can be detected as bubbles coming out from the damaged site during the bubble test.
2 Prepare a microdrive ( Fig. 1B) for implant (Fee and Leonardo 2001; Otchy and Olveczky 2012) and make the length of the electrodes so that they will sit at an appropriate depth when implanted (Fig. 1C ). Fill the polyimide guide tubes with mineral oil to prevent fluid from entering during the implantation.
The electrodes should be implanted to a depth of a few hundred micrometers above the brain region of interest. At this depth, the polyimide guide tube should be touching the surface of the brain without penetrating it. For HVC, because it is only a few hundred micrometers below the surface of the brain, electrodes can be implanted into HVC and retracted after the implant surgery so that they sit just above HVC until the bird recovers from the surgery.
3
Inject the bird with analgesic 20 min before the surgery.
4
Place the zebra finch under general anesthesia. For isofluorane, use 3% for 3 min for initial induction and maintain at 1%-2%.
5
Pluck the feathers on the bird's head.
6
Put the bird on the stereotaxic device. Adjust the ear bars and the beak bar.
7
Clean the skin on the head with betadine and apply local anesthetic.
8
Make an incision in the skin along the midline with a scalpel and retract the skin.
Juvenile skulls are very soft. Avoid damaging the skull during this procedure.
9
Set the head angle to 0° by placing a glass capillary in the anterior midline groove just behind the beak.
A 0° head angle corresponds to this glass capillary being horizontal (check with a reference line on the stereotax).
10
Rotate the head forward 20° using a glass capillary and a protractor or using a rotary-encoded ear bar.
11
Using a dental drill with a round burr, make several pairs of small holes in the skull for the insect pins and one for the ground wire. Drill slowly so as not to damage the dura or the brain underneath.
Insect pins act as anchors for the implant. In addition, bone layers just behind the beak are separated and can be used as an anchor point for dental acrylic. These are not necessary in the adult because the dental acrylic can flow between the two layers of the skull. Make sure the 
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12
Carefully thread a pin underneath the skull through each pair of holes. Put a small drop of silicon elastomer to cover each hole (Fig. 1C ).
Insect pins should go through the holes on the skull tangentially without penetrating the dura.
13
Using one of the holes, tuck the platinum ground wire a few millimeters under the skull so that it is positioned between the skull and the surface of the dura.
The last 1 mm of the ground wire should be stripped. Make sure that the ground wire is not floating in the air space between the inner and outer leaflets of the skull.
14 Identify the bifurcation of the mid-sagittal sinus (lambda), and use this as a reference point for stereotaxic coordinates.
Juvenile skulls are thin and the mid-sagittal sinus can be seen through the overlying skull. For adults, it is necessary to thin the skull with a dental drill.
15
Implant a stimulating electrode in Area X.
i. Mount the stimulating electrode on the stereotax using the stimulating electrode holder. Make sure the electrode is vertically straight by looking at it from the front and from the side to check the alignment with a reference line on the stereotax. Move the midpoint of the bipolar stimulating electrode to 5.8 mm anterior, 1.5 mm lateral.
ii. Make a craniotomy at the coordinates above. Drill through the outer leaflet of the skull. Thin the inner leaflet of the skull with the dental drill and remove it using fine forceps. Remove a small piece of dura using a dura pick.
Juvenile birds have a single-layered skull and thus it is not necessary to drill through the outer leaflet. Once a piece of skull is removed, it is important to prevent the surface of the brain and the dura from drying. The brain can be kept moist by applying saline on the surface every few minutes.
iii. Lower the stimulating electrode to 2.8 mm deep to target the center of Area X.
Advance the electrodes slowly (10 sec/mm).
iv. Cover the exposed part of the craniotomy and the electrode with silicon elastomer. Secure the stimulating electrode by using dental acrylic to connect the insect pins on the skull to the connector on the stimulating electrode. Carefully remove the electrode holder.
16
Implant a stimulating electrode in RA. ii. Set the recording electrode in the manipulator and make sure it is vertically straight.
iii. Make a craniotomy at 1.8 mm posterior, 2.4 mm lateral. Do not remove the dura.
iv. Using the recording electrode, search for the characteristic spontaneous activity (i.e., regular firing) of RA, which starts ~1.5 mm beneath the surface. Make several penetrations 200 μm apart in the anterior-posterior axis and the medial-lateral axis to map out the extent of RA. Make sure to keep the brain surface moist.
v. Find the center of RA and note its coordinates. Make a scratch on the skull in the vicinity of the craniotomy with a needle and note the coordinates of the center of this mark so that it can be used as a local reference point.
vi.
Replace the recording electrode with a stimulating electrode, and by using the local reference, move the stimulating electrodes so that one pole will be in the center of RA.
vii. Remove the dura and implant the stimulating electrode using the same procedure described for Area X.
17
Implant a microdrive in HVC.
i. Make the craniotomy above HVC at 45° head angle, 0.4 mm anterior, and 2.5 mm lateral. Do not remove the dura.
ii. Hook up the stimulating electrode (either RA or Area X) to the stimulus isolator and start stimulating every second (single pulse, 200 μsec duration, 100 μA amplitude) using the pulse generator.
iii. Insert the recording electrode in HVC, and search for the antidromic "hash" (Fig. 3D ). Make several penetrations 200 μm apart, find the center of HVC and note its coordinates. Make a scratch on the skull in the vicinity of the craniotomy with a needle and note the coordinates of the center of this mark.
iv. Replace the recording electrode with a microdrive, and by using the local reference, move the microdrive electrodes to the center of HVC previously identified with the recording electrode.
v. Remove the dura and slowly lower the microdrive electrodes into the brain to the desired depth (Fig. 1C) .
Before lowering the electrodes, visually confirm that there is nothing in the way of electrodes and the virtual ground wire, and that the microdrive case will not bump into the stimulus electrodes. At the target depth, the polyimide guide tubes should 
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vi. Cover the exposed brain with silicon elastomer.
vii. Secure the microdrive in place by using dental acrylic to connect the microdrive case and the insect pins on the skull (Fig. 1C) .
viii. Solder the silver wires from the stimulating electrodes and the ground wire to the appropriate pins on the microdrive connector.
18
Close the incision anterior and posterior to the microdrive by pulling the skin up close to the dental acrylic and applying a small amount of tissue adhesive to the skin using a glass capillary.
19
Carefully remove the bird from the stereotaxic device.
Make sure that the height of the perch in the cage is set so that the microdrive will not get caught.
Single-Unit Recording During Singing
20
Let the bird recover from the surgery for a few days until he starts singing.
21
Place the bird in the recording chamber and plug the cable into the microdrive (Fig. 1A) . Turn on the motorized commutator and make sure that it is working properly. Check often that the cable does not become twisted over time.
22
Slowly lower the electrodes into HVC by moving the motors on the microdrive using the motor controller.
Be careful not to activate the motor for >1 sec at a time because this can overheat and damage the motor. Advance it with small steps, stopping for a few seconds in between each step.
23
Start stimulating RA or Area X (single pulse, 200 μsec duration, 100 μA amplitude) and observe the antidromic "hash" to confirm that the electrodes are in HVC (Fig. 3D ).
See Troubleshooting.
24
When the bird starts singing, isolate a single-unit by slowly moving the electrodes in 10-15 μm steps and waiting for a few minutes in between to check whether there is a single-unit on any of the electrodes. Either search for a singleunit evoked by antidromic stimulation, or isolate a unit during singing and then check the response to antidromic stimulation to confirm its identity.
The current required for the antidromic stimulation is typically within the range of 50-100 μA, but is occasionally up to 300 μA.
Interneurons also respond to antidromic stimulation, thus, other criteria (e.g., latency variability of the evoked spike and the spike collision test) will be necessary to distinguish them from projection neurons (Fuller and Schlag 1976; Swadlow 1998; Fee et al. 2004 ).
25
If the neuron fires spontaneously, perform a spike collision test by triggering antidromic stimulation off a spontaneous spike with a latency of a few milliseconds. For the projection neurons, the antidromic spike should be blocked (Fig. 3F) .
We use a simple electrical circuit to detect threshold-crossing events associated with occurrences of spikes (Fig. 3A) . The output of this circuit is used to trigger the pulse generator (e.g., , which then triggers the stimulus isolator (e.g., ISO-Flex) . It is important to have a timer in the circuit (e.g., LM555 timer chip) that prevents multiple stimulations from being triggered, for example, by a burst of spikes. Without this mechanism, the brain will be stimulated for every spike in a burst, which could lead to tissue damage.
26
If the single-unit is lost, advance the electrodes further to find a new unit. Holding time for a single-unit varies from a few minutes to a few hours.
27
Once the electrodes go through the entire depth of HVC, back up the electrodes above HVC.
28
Gently hold the bird, keep the microdrive stable, and turn the lateral positioner on the microdrive so that the electrodes can penetrate into fresh tissue. This is typically done at the end of the day so that the bird has some time to recover from handling.
Lateral positioner is typically rotated 1/8 of a turn, corresponding to roughly 20 μm.
29
Repeat these procedures over multiple days until the end of the experiment.
Typically, one can perform one or two penetrations per day. To minimize the formation of gliosis in HVC, electrodes are retracted above HVC in between recording sessions.
30
At the end of the experiment, make an electrolytic lesion at the site of recording by passing a negative DC current (15 μA for 10-15 sec).
The size of the lesion varies depending on the brain area, and the current parameters need to be adjusted accordingly.
31
Use standard histological techniques to identify the electrolytic lesion and the electrode tracks to verify the recording site.
TROUBLESHOOTING
Problem (Step 23):
There is a lack of antidromic responses when the bird is connected to the cable. For simplicity, only one neural channel is drawn. The 47-nF capacitor and 1.5-MΩ resistor act as a high-pass filter (cutoff frequency 2.3 Hz) before the amplification. A 22-kΩ resistor for the source follower (shown in Fig. 2D ) is also included. The GND/VGND switch allows one to select whether GND or VGND is used for the differential amplification. The right half of INA2141U is used for amplifying the torque signal from the Hall sensor. (C) Photograph of the cable. A male Omnetics connector with wires is used at the preamplifier side of the cable. A female Omnetics connector and the surface mount FETs stacked on top of each other are at the microdrive end of the cable. Part numbers are available in the Materials section. The cable is gently braided, and the length of the cable should be such that FETs are 2 cm above the bottom of the cage when the bird is not plugged in (typically 18-20 cm). (D) Schematic of an FET used as a source follower. Each neural channel and the reference ground have their own FET.
